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Challenges in Through-Cloud FSO 
Communications 

r 

- Signal Attenuation Link margin needed 

- Temporal Dispersion, IST Coding, Modulation, Equalization 
BER 1 1 Availabilitj 4 

- Spatial Dispersion WOrSem Find proper Aperture size 

- Angular Dispersion Adap tive Field- o f- View 

1. Maritime fog will attenuate 1.5 micron light at the rate of about 30 - 100 dEikm, cumulus 
cloud will attenuate 1.5 micron light at the rate of about 100 - 130 dEkm, and continental 
fog will attenuate 1.5 micron light at the rate of about 130 - 200 dEikm. Any attempt t o  
communicate through cloudsjfog will require a link margin exceptionally higher than 
common clear- air margins. Sysbm de signers must anticip ate this. 

2. Even one nanosecond of pulse broadening due t o  Temporal Dispersion wipes out many 
communication symbols propagating OC-48. So, even if the broadening is weak 
(-nanoseconds) we will still need mitigation methods (assuming there is enough link margin). 
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Through 

Clouds Multi-Scattering Modeling 

Optical Thickness; z = L / d,,, 

Approvedfor Public Releaze, Distribution Unli mikd C a z  X 3 5  3 Jul 07 



1 

Clouds Bandwidth Estimation 

l e + 3  F 
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Ultra-short Pulse Laser Technology 
+ 

+ 

Ultra-fast switching times and ultra-high transmit powers enable communication 
capabilities that far exceed an+g available today. 
Ultra-short pulses shaped through signal processing can help penetration through 
clouds. 

+ 

+ 

Our current mode-lock laser uses a pump at 5 watts C W  power. Produces 60 fs pulses 
at a repetition rate of 3 Giga pulses per second (Gpps). Each pulse carries about 0.3 nJ 
of energy, that means a peak power of 5000 watts per pulse correspondmg to an 
average power of - 1 Watt. With EDFA gah,  50 watts average transmit power is 
possible. 
A 100 fs pulse at 100 mJ per pulse would produce a peak power of 1 Terawatt per 
pulse; at 3 Giga pulses per second, this is 300 MeLa Watts of average power. 

1 
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PENNRATE 
CICTR Wavelet Fractal Modulation on Ultra-short Laser 

Pulses 
@.--2-- -- I 

Increased FSO lmk availability wavelet fractal 
modulation on ultra-short laser pulses 
Transmission spectral efficiency is kept over a broad range of 
rate-bandwidth ratios using a fmed transmitter configuration. 
Redundant copies of the transmitted data are provided across 
the tlme-frequency plane. 
A form of multi-rate communicabon hversity. 

I I  I I  
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Modulated Meyer’s Wavelets 
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Data bloc 
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Data block out 
t 

Functional Diagram 

C 
0 
R 
R 
0 
L 
A 
T 
0 
R 

Trans. telescope 

t t l  

Re c eive 
telescope 

Approvedfor Public Releaze, Distribution Unli mikd C a z  X 3 5  3 Jul 07 



Mew r’s Wavelets 
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Frequency, Hz 
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2.5 Gbps Streams 

we 
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Summary of ResuIts: W/O Coding/Equalization 

Transmission Wavelet SRRC Conventional 

Bit Rate (Gbps) (maxz) (maxz) (m= 4 
10 Gbps I 7.6 I 3.6 

5 Gbps I 4.2 

2.5 Gbps 6 .6 

1.25 Gbps I 14.3 I 3.1 

13 1.825 
5 6.8 0 2 5 

37.45 
44.8275 
95.024 
80.26 

0.0 8 6 5 8 5 
0.8 11425 

133.37 
57.2575 
37.6950 
45.2235 
95.7320 
8 1.0760 
0.0882 
1.0 164 
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Results with Equalization 
+ Observation: 

+ Rate-1 (5.333 Gbps) rate-2 (2.666 Gbps), rate-3 (1.333Gbps) and rate-4 
(0.65Gbps) show an F'ER-1.0 without equalization. 

+ Equalization makes a substantial difference in the system performance, 
esp e cially at higher transmission rates. 
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Frame Error Rate versus SNR 
Approvedfor Public Releaze, Distribution Unli mikd C a z  X 3 5  3 Jul 07 



+ 

Results with Coding1 Equalization 
Fountain Coding 

Ob 5 ervations: . S€UIWS tlw redundancy m d e d  to achier;e an FER=lO-fi for different SNR values of 10,15 and 20. 

. h u n t  of imprwerrcent (different be-n un+qualized and equalized system) is more 
pronounced at high SNR values. 
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Code Rate versus Optical Thickness Values for a FER=10-6 
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PENNfiATE 
CICTR Ultra-Short Pulse FSO Fractal Transmission Link &e 

(a) Transmitter 

Wmlet  
Gen em tor 

( F U W  
Shape0 
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Spectral Encoding Wavelet Generator 

We need sufficient spatial resolution to fit multiple rate photolithographic 
gratings on the same mask. 
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PENNSTATE 

Liquid Crystal Spatial Light Modulators Specs. 

+ 1280 x 768 Pixels 

+ 60 Hz Frame Rate 

+ 12 pm Pixel Pitch 

+ Independent gray-level spectral amplitude or phase control 

+ 16?0 x 9,#6 mm Active Area 

+ 4000 : 1 Contrast ratio 
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Short-pulse 1 
Laser 1 

Adaptive 
Y ontr 01 I 

Control Strategies for Femta-second 
Pulse Shaping 

Iulse Shape1 

L 

Computer Control 

based on User SpecrEd 
kperimental Objective; 

Simulated arm- 

LeamingAlgorithm 

Amp1 if ie  r I 

I 

Experimental & 
Diagnostics 

A 

L + Requires specification of an 
observable to be optimized 
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Experimental Set-up 

- 
: Detector 

c 

Pulse Shaping Apparatus 
BE - Laser Beam Expander 
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PENNSTATE 
P CICTR 
W L G  Experimental Set-up at CICTR Labs. 

Penn-State University 

I 



Experimental Set-up 

Auto-correlation Intensity of target Square Root k d  Cosine (SRRC) 
FWSE w i t h  224 &.mto-w.cond dumtion at a mte of 3 G i p  pukes per second Raised Go& (SRRC) FWSE 

Approvedfor Public Releaze, Distribution Unli mikd C a z  X 3 5  3 Jul 07 



c 

Me ye r Wavelet 
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Program Plan, SOW and Milestones 

Task-1 

Task-2 

Task-3 

Task-4 

Task-5 

Task-1 

Task-2 

Base Efforts SOW 

Developrrcent of Wmlet  Cummunkation Concept 
4 

Laser P u h d  W m B t  Encoded T m c e i v e r  
Computer Simulations 

Design of p h t o - M m p p h k  Wavekt Encoder 

Design of p h t o - M m p p h k  Wavekt Decoder 

Option Efforts SOW 

Overall Design of L m r  Puked W m B t  T m c e i v e r  
4 

Fabrication and Testing of Plmto-Mmpphic 
WaveBt Encoder / Decoder 4 

Period Period Period 
1 2 3 

Period I Period I 
4 1 5 1  

4 

I 
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Summary 

P Goal:: 
Increased FSO link availability via feed-forward 
‘‘ opportunistic” transmission. 

P Methodology: 
Multi-rate communication via “Fractal Modulation” 
using wavelets, and using ultra-short pulsed lasers. 

P Outcome: 
Overall systems design and evaluation? with improved 
performance. 
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